Recent studies demonstrated that viremia and extraintestinal rotavirus infection are common in acutely infected humans and animals, while systemic diseases appear to be rare. Intraperitoneal infection of newborn mice with rhesus rotavirus (RRV) results in biliary atresia (BA), and this condition is influenced by the host interferon response. We studied orally inoculated 5-day-old suckling mice that were deficient in interferon (IFN) signaling to evaluate the role of interferon on the outcome of local and systemic infection after enteric inoculation. We found that systemic replication of RRV, but not murine rotavirus strain EC, was greatly enhanced in IFN-␣/␤ and IFN-␥ receptor double-knockout (KO) or STAT1 KO mice but not in mice deficient in B-or T-cell immunity. The enhanced replication of RRV was associated with a lethal hepatitis, pancreatitis, and BA, while no systemic disease was observed in strain EC-infected interferon-deficient mice. In IFN-␣/␤ receptor KO mice the extraintestinal infection and systemic disease were only moderately increased, while RRV infection was not augmented and systemic disease was not present in IFN-␥ receptor KO mice. The increase of systemic infection in IFN-deficient mice was also observed during simian strain SA11 infection but not following bovine NCDV, porcine OSU, or murine strain EW infection. Our data indicate that the requirements for the interferon system to inhibit intestinal and extraintestinal viral replication in suckling mice vary among different heterologous and homologous rotavirus strains, and this variation is associated with lethal systemic disease.
Group A rotaviruses have a segmented double-stranded RNA genome and are members of the Reoviridae family. The virus replicates in mature epithelial cells on the tips of small intestinal villi and causes diarrhea in humans and many other animal species (30) . In infants and young children rotavirusinduced severe dehydrating diarrhea results in more than 600,000 deaths annually, mostly in developing countries, and over 2 million hospitalizations each year (45) . Rotavirus infection was traditionally considered to be limited to the small intestine; however, recent studies have demonstrated that viremia and extraintestinal infection occur frequently, in both humans and animals (8) .
Despite the presence of viremia and extraintestinal infection, rotavirus-induced systemic disease appears to be uncommon. There are reported cases of encephalopathy, myocarditis, hepatitis, pancreatitis, and pneumonia in children with rotavirus infection (11, 14, 22, 24, 25, 31-33, 42, 53, 59) , but the causal relation between the rotavirus infection and these manifestations was not established. It has been suggested that rotavirus infection increases the risk of type 1 diabetes by inducing an autoimmune response (26, 34) , but others found no increased risk after infection (7) . In a murine model, intraperitoneal (i.p.) inoculation of the rhesus rotavirus (RRV) strain into newborn wild-type or severely immune-deficient SCID mice resulted in biliary atresia (BA) and hepatitis (46, 50, 54) . Interestingly, these conditions have not been reported in mice infected with homologous murine rotavirus, which replicates most efficiently in mouse intestine, nor other heterologous nonmurine rotavirus strains (1, 54) . It has also been reported that SCID children with chronic rotavirus infections show signs of hepatitis, presumably associated with homologous human rotavirus infection (44) . It appears that both the virus genetic makeup and the host immune response can play important roles in determining the outcome of systemic rotavirus infection. For instance, the RRV nonstructural protein, NSP3, has been linked to the ability of the virus to spread beyond the intestinal barrier to the mouse liver (41) .
The immune determinants of resistance to repeat rotavirus infection and resolution of primary infection have been extensively studied in mice. Both CD8 ϩ T cells and antirotavirus antibody are able to clear primary viral infection in the intestines, but T cells mediate this effect more rapidly (20, 39) . Antibody responses, especially the mucosal immunoglobulin A response, as well as CD4 ϩ and CD8 ϩ T cells, are all involved in protection against reinfection, with mucosal antibodies being the primary effectors of protection after natural infection or live viral vaccination (17, 21, 40) .
The role of the innate immune system, including the interferon (IFN) response in rotavirus infection, is less well studied. It has been shown that levels of type I and II interferons are elevated in rotavirus-infected children and animals (3, 13, 29, 48, 56) . Both type I and II interferons are able to limit rotavirus infection in vitro, if cells are pretreated (6) . In addition, in early studies, IFN-␣ was used to successfully treat rotavirus diarrhea in bovine and porcine models (37, 56) . In suckling mice, however, IFNs appear to have little if any effect on the course of diarrhea or virus shedding during rotavirus infection (2, 55) . On the other hand, it has recently been shown that rotavirus nonstructural protein NSP1 can interact with interferon regulatory factors 3 and 7 (IRF3 and IRF7) and enhance their degradation (4, 5) . These observations suggest that rotaviruses have evolved mechanisms to circumvent interferon's antiviral activity and therefore imply that interferon plays an antiviral role during infection.
There is currently little information that specifically addresses the immune mechanisms involved in restricting systemic rotavirus infection. Since RRV only induces systemic disease in newborn or severely immune-deficient mice, it seems likely that immune mechanisms are necessary to control systemic infection, but it is not clear which components mediate this control. Of note, exogenous IFN-␣ is effective in preventing and treating biliary and liver disease in RRV-infected newborn mice (47) , suggesting that the innate immune response may be important for control of systemic RRV infection. However, Shivakumar et al. presented data indicating that IFN-␥ plays a role in enhancing inflammation during RRV-induced biliary atresia, suggesting that IFN also contributes to the pathology during systemic infection (52) .
Using IFN signaling-deficient mouse models, we demonstrated that oral RRV infection in suckling mice could result in a prolonged disseminated infection in multiple extraintestinal organs, including liver, bile duct, pancreas, and mesenteric lymph nodes (MLN) and a lethal systemic disease. Systemic disease following infection with other heterologous virus strains was either mild (SA11) or not present (NCDV and OSU). Deficiency in IFN signaling did not affect enteric or systemic replication of the murine rotavirus EC strain, but systemic replication of EW murine virus was augmented slightly. It appears that the host type I and II IFN responses play an important roles in limiting intestinal and extraintestinal infection of some rotavirus strains; however, this effect varies significantly among different strains.
MATERIALS AND METHODS

Virus.
Simian rotaviruses RRV and SA11, bovine strain NCDV, and porcine strain OSU were propagated in the green monkey kidney MA104 cell line. Stock virus titers were determined by plaque assay in MA104 cells and expressed as PFU per ml as described elsewhere (27) , and these stocks were used as tissue culture homogenates for infection. The 50% diarrheal dose (DD 50 ) RRV in suckling BALB/c, 129SV, and C57BL/6 mice is 10 5 PFU/suckling mouse (reference 43 and unpublished data). The DD 50 of NCDV and OSU is approximately 10 6 PFU/ suckling mouse. Of note, at the maximal dose level used in this study, although all mice develop diarrhea, unlike RRV and SA11 infection few mice develop a detectable immune response to NCDV or OSU (18) . Murine rotavirus EC and EW are virulent wild-type strains that are not tissue culture adapted. The in vivo propagation and infectivity determination of these strains were described previously (10) . Briefly, intestines from EC-or EW-infected suckling BALB/c mice were collected and homogenized. Centrifugation-clarified intestinal homogenate was used as virus stock for this study. The infectivity of the murine strains was determined in vivo in suckling BALB/c mice and expressed as the DD 50 . The infectivity of murine virus was similar in suckling C57/BL6 and 129SV mice (unpublished data).
Mice and oral rotavirus infection. IFN-␣/␤ receptor knockout mice (IFN-␣R KO), interferon ␣/␤ and IFN-␥ receptor double knockout mice (IFN-␣␥R KO), and wild-type control 129SV mice were the generous gift of H. Virgin (38) . IFN-␥ receptor knockout mice (IFN-␥R KO), which were on a 129SV background and ␤2m and Rag1 KO mice, which were on a C57/BL6 background, were purchased from the Jackson Laboratory (Bar Harbor, ME). STAT1 knockout mice (STAT1 KO) mice, which were also on a 129SV background, were purchased from Taconic (Germantown, NY). JHD Ϫ/Ϫ mice were originally obtained from Genpharm International (Mountain View, CA) (21) . All mice were maintained in the Veterinary Medical Unit of the Palo Alto VA Health Care
System. All animal studies were approved by the Stanford Institutional Animal Care Committee. Five-day-old suckling mice were orally inoculated with 2 ϫ 10 7 PFU of RRV, SA11, NCDV, or OSU (10 2 DD 50 ) or 10 4 DD 50 of the murine strain EC or EW, and subsequent diarrhea was monitored as described elsewhere (10) . The appearance of systemic disease, manifested as lethargy, oily fur, weight loss, and white stools, was recorded. At different times postinfection mice were sacrificed and tissues collected for virus detection and quantification and histology.
Virus titration by plaque assay. At various times postinfection, suckling mice were anesthetized and decapitated to remove blood and the small intestine, liver, and extrahepatic bile duct and gall bladder, MLN, and pancreas were collected and stored at Ϫ70°C. Before assay, twice-freeze-thawed tissue samples were individually weighed and made to 10% (wt/vol) suspensions with media 199 (M199; Gibco/Invitrogen, Grand Island, NY) supplemented with 1,000 U/ml penicillin and 1,000 g/ml streptomycin without fetal calf serum. Samples were homogenized with a tuberculin syringe and clarified by centrifugation at 17,000 ϫ g for 10 min. The clarified supernatants were used for virus titration on MA104 cells. The plaque assay for virus titration on MA104 cells was described previously (27) . Briefly, supernatants from tissue homogenates were activated with trypsin (5 g/ml; Sigma-Aldrich, St. Louis, MO), serially diluted in M199 without fetal calf serum, and added to six-well plates of MA104 cells. After absorption for 45 min at 37°C in a 5% CO 2 incubator, plates were washed with M199 and overlaid with 0.55% SeaKem ME agarose (Cambrex Bio Science, Rockland, ME) in M199 with trypsin (0.5 g/ml). After 4 days of incubation at 37°C in 5% CO 2 , plates were stained with neutral red (Sigma-Aldrich). The virus plaques were enumerated and virus titers were expressed as PFU per gram of tissue.
ssQRT-PCR assay. A single-strand-specific quantitative reverse transcription-PCR (ssQRT-PCR) to detect the presence of noncultivatable EC and EW was described previously (16) . Briefly, tissues were collected at different days postinfection and immediately frozen. Frozen tissue samples were individually weighed and total RNA extracted. An ssRT reaction for either positive-or negative-sense RNA was performed separately with primers specific for the EC, EW, and RRV NSP3 gene. Quantitative PCR on the strand-specific RT products was performed with the 7900HS sequence detection system from Applied Biosystems (Foster City, CA) using a QuantiTect SYBR green RT-PCR kit (Qiagen, Inc., Valencia, CA). Cloned virus NSP3 plasmids were used for standards, and extracted virus RNA was used to correct for the differential in the (ϩ) and (Ϫ) strand reactions. The levels of virus were expressed as viral RNA minus-strand copy number per milligram of tissue.
Histology and immunohistology. The small intestine, liver, bile duct, and pancreas of infected wild-type and IFN-␣␥R KO mice were collected and fixed in 10% formalin for hematoxylin and eosin staining, which was performed by Histo-Tec Laboratory (Hayward, CA). Pathology changes were observed by conventional microscopy, and images were acquired with a Nikon digital camera. For immunofluorescence staining, various tissue samples including liver, bile duct, and pancreas were frozen in optimum cutting temperature compound (Sakura Finetechnical Co., Tokyo, Japan). Six-micrometer-thick sections were cut, air dried, and fixed in a cold acetone-methanol mixture (1:1) for 10 min at Ϫ20°C. Tissues were stained with Alexa-594-labeled anti-rotavirus VP6 antibody (clone 255/60 or 1E11, which detected all rotavirus strains used in this study) combined with one of the cell marker antibodies, including Alexa-488-labeled anti-K8 (clone Troma I [35] ) and unlabeled anti-K19 (clone Troma III [35] ), both from Developmental Studies Hybridoma Bank, Iowa City, IA, fluorescein isothiocyanate (FITC)-labeled anti-Gr-1 (clone RB6-8C5; eBioscience, San Diego, CA), FITC-labeled anti-F4/80 (clone BM8; eBioscience), and FITC-labeled anti-CD11c (clone HL3; BD Bioscience, San Jose, CA). A FITC-labeled donkey anti-rat immunoglobulin G antibody was used as secondary antibody for the unlabeled primary rat monoclonal antibody. The antibody mixture also included RNase A (1:500) and TOTO-3 iodide (Molecular Probes, Eugene, OR) for nucleus staining. Slides were mounted with Aqua Poly/Mount (Polysciences, Warrington, PA). The images were acquired with a Zeiss LSM 510 confocal microscope system (Carl Zeiss MicroImaging, Inc., Thornwood, NY), and images were analyzed using an LSM510 computer program. We also stained selected tissue specimens with anti-NSP4 antibody (B4-2) and found that it regularly colocalized with anti-VP6 staining, indicating that VP6-positive cells in this study represent cells undergoing RV transcription and translation (data not shown). 
RESULTS
Combined deficiency in type I and II interferon responses does not alter RRV-or EC-induced diarrhea but does increase the risk of systemic disease in suckling mice. Five-day-old wild-type (129SV) and selected interferon receptor and STAT1 KO mice were orally inoculated with 2 ϫ 10 7 PFU of RRV. Diarrhea appeared 1 day after infection in all groups and resolved between 7 and 8 days postinfection (p.i.) (Fig. 1A ). There were no significant differences in the percentage of mice with diarrhea or the duration of diarrhea among any of the groups (P Ͼ 0.05).
The IFN-␣␥R KO and STAT1 KO mice infected with RRV began to develop systemic signs and symptoms of disease characterized by oily fur, growth retardation, and white stools, which had a similar color and consistency to milk pellets in the stomach, from 4 days p.i. This condition was similar to the previously described symptoms of biliary atresia induced by i.p. injection of RRV in newborn mice (46) . By 8 days p.i. 85% of IFN-␣␥R KO and 91% of STAT1 KO mice showed signs of the systemic disease, which further deteriorated into severe lethargy (Fig. 1B) . Mortality began by day 8 p.i., but most mortality occurred 15 days p.i. or later, when the mice began to be weaned. Nearly all mice with severe symptoms were either moribund or dead (data not shown). Mice with mild symptoms (such as a short period of white-colored stool or growth delay) eventually recovered. Mortality or severe lethargy and morbidity among the STAT1 and IFN-␣␥R KO mice were approximately 80 to 90%. In IFN-␣R KO mice, about 40% of mice developed a mild, self-limited, nonlethal illness characterized by modest growth retardation and only several days of whitecolored stools (Fig. 1B) . These symptoms appeared somewhat earlier than in the IFN-␣␥R KO mice and disappeared by day 6 p.i. Systemic disease was not observed in either wild-type or IFN-␥R KO mice (Fig. 1B) . Systemic disease was also not observed in 5-day-old B-cell-deficient JHD mice, CD8
ϩ T-celldeficient ␤2m KO mice, or T/B-cell-deficient SCID or Rag-1 KO mice after RRV infection. Of note, while 100% of IFN-␣␥R KO mice and wild-type mice infected with the murine rotavirus strain EC developed diarrhea, neither the duration of diarrhea nor the amount of virus in the intestine was significantly different between these two groups (P Ͼ 0.05) ( Fig. 1C  and 2A ). Signs and symptoms of systemic disease were not observed in any of the EC-infected mice.
Intestinal and extraintestinal replication in wild-type, interferon receptor-deficient, and STAT-1-deficient mice infected with RRV or EC. Because RRV caused a systemic disease in mice with defects in the interferon signaling pathway, we next examined the level of viral replication in selected organs from these mice. Rotavirus could be detected in the small intestines of all groups on days 2 and 5 p.i. (Fig. 3A and B) . Titers of virus in the intestine were not significantly different among the different groups of mice on day 2 p.i., but wild-type mice had the lowest titers in the intestine on day 5 p.i., and these were significantly lower than the IFN-␣␥R KO and STAT1 KO groups (P Ͻ 0.05). Other groups were not statistically different. By day 8 and thereafter virus was not detectable in the small intestines of wild-type, IFN-␣R KO, or IFN-␥R KO mice. On the other hand, over 50% of the IFN-␣␥R KO and STAT1 KO mice continued to have high levels of virus in their small intestine on day 8 (10,000-fold greater than wild type), and these levels then declined and were not detectable by day 14 ( Fig. 3A and B) .
The levels of virus in the intestines of RRV-infected mice, when measured by quantitative real-time RT-PCR, were between 700-and 800-fold lower than in EC-infected mice on days 5 and 8 p.i., respectively (P Ͻ 0.001), similar to what has been reported previously (Fig. 4 and data not shown) (16) . Of note, there was no significant difference in the amount of EC rotavirus in the intestine of IFN-␣␥R KO versus wild-type mice at any time point postinfection (P Ͼ 0.05) ( Fig. 2A) . High levels of RRV (similar to peak levels in the intestine) were detected in the liver homogenates of the majority of mice in all groups on days 2 and 5 p.i. (Fig. 3C and D ). There were no significant differences in the amount of virus in the liver among the various groups on day 2 p.i., but the titers fell in the wild-type and IFN-␥R KO mice by day 5 p.i. and virus was not detectable in livers of any wild-type, IFN-␣R KO, and IFN-␥R KO mice on day 8 p.i. On the other hand, 80% and 60% of IFN-␣␥R KO mice were still RRV positive on days 8 and 12, respectively (Fig. 3D) at levels more than 10,000-fold higher than in wild-type mice. By day 14 p.i. RRV was undetectable in the liver of IFN-␣␥R KO mice (0/10) despite the fact that most of the mice continued to have severe systemic disease and liver pathology (data not shown). The livers of all the STAT1 KO mice were RRV positive on days 8 and 12 p.i. (Fig. 3C and D) with higher virus titers compared to the IFN-␣␥R KO group (P Ͻ 0.05). Unlike the IFN-␣␥R KO group, 37% (3/8 mice) of STAT1 mice still had virus in the liver on day 14 p.i. Virus was also detected in the livers of EC-infected IFN-␣␥R KO and wild-type mice at different time points postinfection; however, as with the intestine, there was no significant difference between IFN-␣␥R KO and wild-type mice at any time point ( Although virus was detected in the intestines and livers of both RRV-and EC-infected IFN-␣␥R mice, the ratio of virus levels between these two organs was very different (Fig. 4) . On day 8 p.i. the RRV levels in liver as measured by QRT-PCR were 80 times higher than in the intestine of IFN-␣␥R KO mice (P Ͻ 0.05), but in EC-infected mice, intestinal virus levels were 148 times higher than liver virus levels (P Ͻ 0.001) (Fig.  4) . The ratio of viral RNA between liver and intestine during RRV or EC infection remained different on day 14 postinfection (data not shown). RRV levels in liver and other extraintestinal organs were not significantly influenced by the level of viremia, since the blood levels were very low (below levels in extraintestinal organs) or not detectable, especially on day 8 postinfection or later in both strains of mice by both plaque assay and QRT-PCR detection (data not shown). Prior studies in normal mice had also demonstrated that the level of viral RNA in extraintestinal tissues was substantially higher than seen in the blood (16) . These results suggest that RRV replicates to higher levels than EC in extraintestinal organs such as the liver and pancreas (see below) in mice deficient in interferon signaling.
RRV was not detected in the pancreas of wild-type or IFN-␥R KO mice at any time after infection ( Fig. 3E and F) . In IFN-␣R KO and IFN-␣␥R KO mice, virus was detected in the pancreas on day 5 p.i. while virus detection in the pancreas of STAT1 KO mice started on day 2 p.i. On days 5 and 8 p.i., between 70 and 100% of IFN-␣R KO, IFN-␣␥R KO, and STAT1 KO mice had high titers of RRV in the pancreas (Fig.  3E and F) at levels 10,000-fold greater than present in wildtype mice. The virus titers were similar among these groups on day 5 p.i., but by day 8 p.i. virus titers in the pancreas of IFN-␣R KO mice were significantly lower than those in the Between 60 and 100% of RRV-infected mice had virus in the MLN on days 2 and 5 p.i. in all groups ( Fig. 3G and H) . The virus levels were not significantly different among groups on day 2 p.i., but by day 5 p.i. levels of RRV in the MLN of wild-type mice had fallen significantly compared to other groups (P Ͻ 0.01) (Fig. 3G) . By day 8 p.i., virus was not present in wild-type, IFN-␣R KO, or IFN-␥R KO mice, but the MLN in 50% of IFN-␣␥R KO and 100% of STAT1 mice remained strongly positive (Fig. 3H) . RRV was generally cleared from the MLN of IFN-␣␥R KO and STAT1 KO mice by day 12 p.i. In EC-infected mice, virus was detected at high levels in 100% of wild-type and IFN-␣␥R KO mice at all time points, and there were no significant differences in the levels between the two groups (Fig. 2C) .
The biliary tract is a primary target for RRV-induced injury in newborn mice (46) . RRV was also detected in the common bile duct of 40 to 100% of orally infected 5-day-old wild-type mice on days 2 and 5 p.i., but unlike newborn mice, RRV became undetectable by day 8 p.i. (Fig. 3I and J) . However, 80 to 100% of IFN-␣␥R KO mice had high titers of RRV in the common bile duct on day 8 p.i. that were more than 10,000-fold higher than those present in the common bile duct of wild-type mice ( Fig. 3I  and J) . The percentage of virus-positive bile ducts fell to 30% and 20% by days 12 and 14 p.i., respectively, but the titers remained higher than concurrent titers in the liver (P Ͻ 0.01). In ECinfected mice, virus was readily detected in the common bile duct of both wild-type and IFN-␣␥R KO mice on days 5 and 8, but the levels were basically identical in the IFN-␣␥R KO and wild-type mice (Fig. 2D) and these levels were similar to levels in the liver at the same time points (P Ͼ 0.05).
Pathological changes in intestine, liver, and pancreas of interferon receptor-deficient mice after RRV infection. The pathological changes in intestine and extraintestinal organs of RRV-infected IFN-␣␥R KO and wild-type mice are shown in Fig. 5 and 6 . On day 2 p.i. the small intestine of both wild-type and IFN-␣␥R KO mice showed similar pathological changes typical of rotavirus infection, including swollen microvilli and intestinal epithelial cell vacuolization ( Fig. 5A and C) . The pathological changes in the small intestinal tissue generally disappeared by day 8 p.i. in both IFN-␣␥R KO and wild-type groups (Fig. 5B and D) . On the other hand, by day 12 p.i., in livers of RRV-infected IFN-␣␥R KO mice there was a substantial inflammatory response in the portal triad area, with round cell infiltration, especially around intrahepatic bile ducts (Fig. 6A) . These changes persisted on day 14 p.i. in IFN-␣␥R KO mice with systemic disease even though virus was no longer detectable in these livers (data not shown). In addition, the inflammatory reaction could also be observed in the common bile duct, resulting in thickening of the ductal wall and bile duct obstruction as indicated by bile accumulation in the lumen of the common duct and gall bladder (Fig. 6C ). There were no pathological changes in the liver (Fig. 6B ) or bile ducts (Fig.  6D ) of RRV-infected wild-type mice or in EC-infected wildtype or IFN-␣␥R KO mice at the same time points.
There was edema in the pancreas of RRV infected IFN-␣␥R KO mice on day 5 postinfection (data not shown) and massive damage and inflammatory cell infiltration in the pancreatic parenchyma by day 12 p.i. (Fig. 6E) . The beta islet areas of the pancreas appeared spared (Fig. 6E) . The pancreas of RRVinfected wild-type mice appeared normal (Fig. 6F) . The pathological changes in RRV-infected STAT1 KO mice were similar to those in IFN-␣␥R KO mice in all tissues examined, while no changes were observed in the pancreas of any EC-infected mice (data not shown).
Identification of rotavirus-infected target cells in extraintestinal organs based on confocal microscopy and immunofluorescent staining.
Many studies have previously demonstrated that the mature villus tip cells of the small bowel are the primary targets for rotavirus infection in normal mice. In order to identify the cells that were susceptible to RRV infection in extraintestinal organs, we used confocal microscopy and costained tissues from IFN-␣␥R KO mice with fluorescentlabeled antibodies to VP6 or NSP4 (data not shown), intermediate filaments K8 (which stains most epithelial cells, including hepatocytes, bile duct epithelial cells, and pancreas acinar cells [35] ), K19 (which is specific for liver bile duct cells [35] ), neutrophil marker Gr1, macrophage marker F4/80, and dendritic cell marker CD11c. In the livers of RRV-infected IFN-␣␥R KO mice, viral antigens were found primarily in the portal triads, where inflammatory cells were heavily infiltrated. Viral antigen colocalized within intrahepatic bile duct epithelial cells (Fig. 7A) . There was very little if any viral antigen staining in the liver parenchyma, and parenchymal viral antigens did not colocalize with K8 staining (data not shown). Hence, there was no definite evidence that hepatocytes were infected by RRV. In the common bile duct, virus antigen-positive cells were costained with the epithelial marker K19 (Fig. 7B) . In the pancreas, viral antigen was detected in K8-positive acinar cells in the parenchyma (Fig. 7C ). Viral antigens (both VP6 and NSP4) (data not shown) also colocalized with inflammatory cells in the liver, bile duct, and pancreas, including neutrophils (Fig. 8A), macrophages (Fig. 8B) , and dendritic cells (Fig. 8C) . Viral antigens were not found in association with either T-or Intestinal and extraintestinal virus titers in interferon receptor-deficient mice infected with rotavirus strains SA11, NCDV, OSU, or EW. To investigate if the IFN deficiencymediated enhancement of rotavirus replication in extraintestinal organs was limited to the heterologous simian RRV strain, we orally infected 5-day-old wild-type or IFN-␣␥R KO mice with an additional simian strain, SA11, a bovine strain, NCDV, or a porcine strain, OSU. SA11 has previously shown to cause mild biliary disease in new born mice (46) . There were no significant differences in diarrhea between wild type and IFN-␣␥R KO mice after SA11, NCDV, or OSU infection, similar to what was seen with RRV (data not shown). SA11-infected IFN-␣␥R KO mice showed only a mild form of systemic disease characterized by transient white stool, oily fur, and growth retardation ( Table 1) . The signs and symptoms of disease improved after day 10 postinfection, and no mortality was observed. Systemic disease was not observed in NCDV-or OSUinfected mice. On both days 5 and 8 p.i., SA11 titers in the intestine, livers, and bile ducts of IFN-␣␥R KO mice appeared higher than in wild-type mice. The differences in intestinal titers on day 5 p.i. and in all three tissues on day 8 p.i. were statistically significant (P Ͻ 0.05) ( Table 1) . SA11 was not detected in MLN and pancreas at any time points in either strain of mice. NCDV and OSU were not detected on day 5 or 8 p.i. in either strain of mice. NCDV but not OSU was detected in intestines of IFN-␣␥R KO (417 PFU/g) and wild-type (667 PFU/g) mice only on day 2 p.i. The difference was not significant (P Ͻ 0.05).
We also infected mice with another murine rotavirus, EW. The kinetics of diarrheal disease after EW infection were similar between wild-type and IFN-␣␥R KO mice, and no sign of systemic disease was observed in either strain of mice (data not shown). Levels of EW in intestine and MLN of IFN-␣␥R KO mice were not significantly different from the wild type on day 5 but were approximately 40-and 3-fold higher in the IFN-␣␥R KO mice in the intestine and MLN on day 8 or 12 p.i., respectively (P Ͻ 0.001) (data not shown). The highest detectable EW levels in the liver of wild-type and IFN-␣␥R KO mice were on day 5 p.i. (640 and 507 copy number/mg tissue for wild-type and IFN-␣␥R KO mice, respectively) and not statistically different. The EW levels in blood were negligible, and there was no difference between these two strains either (data not shown). Virus was not detected in the pancreas of either strain.
DISCUSSION
Recent evidence clearly demonstrates that rotavirus infection is not limited to intestinal epithelial cells. Viremia and extraintestinal rotavirus replication occur both in humans and many animal species (8) . However, distinct systemic diseases or syndromes (other than fever) associated with rotavirus infection seem to be quite rare. Currently the only well-characterized animal model of rotavirus-associated systemic disease is the RRV-induced BA model in newborn mice. A lipopolysaccharide-dependent intussusception model restricted to the gut has recently been described as well (58) . The current BA model requires i.p. administration of RRV to newborn mice, which is not the natural route of rotavirus infection. Furthermore, the frequency of BA falls very sharply in mice infected with RRV after the first day of life (12) . Previously we used an oral route of infection model in immune-competent 5-day-old suckling mice to demonstrate that rotaviruses undergo a systemic replication phase after either heterologous simian RRV or homologous murine EC infection (16) . In this model the systemic phase of rotaviral replication was not associated with apparent sequelae, as seems to be the case in most human infections. We have now expanded this model to study the role of selected host immunological factors, specifically the IFNs, in In this study, we used oral infection of 5-day-old suckling mice to evaluate the role of IFN in modulating intestinal and systemic infection. We initially infected wild-type or various IFN-deficient KO mice with the heterologous simian rotavirus, RRV, which induces diarrheal disease in suckling mice following relatively high-dose inoculation and also causes BA after i.p. inoculation in newborn mice. We found that between 2 and 5 days postinfection the level of viral replication in the intestine, MLN, liver, and bile duct of immune-competent wild-type and selected IFN-deficient mice was either similar or moder- FIG. 7 . Detection of RRV-infected cells in extraintestinal organs using immunofluorescent staining and confocal microscopy. The liver (A), bile duct (B), and pancreas (C) from RRV-infected IFN-␣␥R KO mice were collected on day 8 p.i. and frozen in OCT. Liver and pancreas sections were costained with anti-VP6 (red) and anti-keratin 8 (green). Bile duct sections were costained with anti-VP6 (red) and anti-keratin 19 (green). Cell nuclei were stained with TOTO-3 iodide (blue). Sections were observed under a confocal microscope. Magnification, ϫ400. The colocalization of viral antigen and epithelial cell markers is indicated by arrows.
FIG. 8. Detection of RRV-infected inflammatory cells in extrain-
testinal organs based on immunofluorescent staining and confocal microscopy. Tissues were costained with anti-VP6 (red) and anti-Gr-1 (A) (liver), F4/80 (B) (liver), and CD11c (C) (MLN) antibodies. Magnification, ϫ400. The colocalization of viral antigen and selected cell markers is indicated by arrows. Of note, RRV infection in mice deficient in both type I and II interferon receptors resulted in severe systemic disease, including liver, biliary, and pancreatic injury and eventual lethality. This systemic disease has similar signs and symptoms to the BA syndrome observed in newborn mice follow i.p. inoculation, with the notable exception that severe pathology in the pancreas has not been previously reported in the BA model. The reason why pancreatic viral replication and disease is observed in the IFNR KO mice model but not in the newborn model is not presently apparent but could be due to the more profound and prolonged deficit in interferon signaling in the knockout mice compared to the newborn animals, in which the deficit in interferon signaling is likely to be only transient. IFN-␣R KO mice manifested moderately prolonged viral infection in systemic organs including the pancreas but had only mild systemic disease and no mortality. These findings support the conclusion that the STAT1-dependent IFN signaling responses are critical for controlling systemic replication of the heterologous simian RRV strain. In addition, these findings confirmed previous reports that IFN-␣/␤ is more important than IFN-␥ in clearing RRV systemic infection (36) . However, in the present study type I and II IFNs appeared to be functioning collaboratively in restricting systemic replication and disease, since knockout of either the IFN-␣/␤ or IFN-␥ receptor alone did not result in the full-blown lethal disease syndrome.
The precise basis for the pathological events observed in the double IFNR KO and STAT1 KO mice remains unclear. We have shown that, along with its ability to replicate in the intestinal epithelium, RRV can replicate in biliary epithelial cells of the extra-and intrahepatic bile ducts, pancreatic epithelial cells (but not hepatocytes), and selected inflammatory cells, including dendritic cells and macrophages in IFN-␣␥R KO mice. It is presently unclear whether biliary and pancreatic epithelia are permissive for many rotavirus strains but only RRV efficiently trafficks to these sites or whether the cellular tropism for RRV is simply broader than other rotavirus strains. We are currently undertaking experiments to explore these two possibilities. In addition, it is not clear if deficiency in type I and II IFN signaling expands the susceptible cell populations in mice. Different cell populations appear to have variable IFN responses after RRV infection (15) .
It was previously concluded that the pathogenesis of the systemic disease in the BA model was not specifically the result of viral replication, based on the observation that IFN-␥ receptor KO mice had reduced inflammatory responses, reduced lymphocyte infiltration in the liver and bile ducts, and increased long-term survival without a change in virus replication (52) . In addition, Huang et al. showed that treating mice with an NF-B inhibitor significantly reduced BA, which was interpreted as confirming the role of inflammatory cytokines in the pathogenesis of BA (28) . However, we did not observe any reduction of inflammation in mice specifically deficient in IFN-␥ signaling. Severe inflammation in the liver, biliary tract, and pancreas and severe systemic disease were only observed in mice lacking both type I and II IFN signaling, suggesting that the absence of an IFN response was critical for promoting persistent viral replication and the resultant inflammatory response as well as the severe systemic disease. In fact, in this model it appears that viral replication in extraintestinal sites plays a key role in defining the outcome of infection given the differences in disease severity and viral growth observed between the single and double IFN receptor KO mice strains. The collaboration between type I and II IFNs in controlling viral infection has also been demonstrated in other murine viral infections, such as the mouse cytomegalovirus infection model. (51) .
The acquired immune system, including CD8 ϩ T cells and B cells, is critically important for resolving rotavirus infection in the intestine (19, 57) . However, the role of these cells in RRVinduced systemic disease appears to be less critical. CD8 ϩ T-cell or B-cell-deficient mice did not develop systemic disease after RRV infection. In fact, 5-day-old orally inoculated Rag1 KO mice, which lack functional T-and B-cell immunity, do not develop systemic disease or have detectable virus in their systemic tissues 12 days after RRV infection. On the other hand, newborn Rag1 KO mice infected i.p. with RRV developed systemic disease and persistent viral infection in the liver, as described in the original BA model (data not shown). This observation is likely due to an inadequate interferon response in the newborn animals, since administration of IFN-␣ to new- The effect of the IFN system on restricting replication of the homologous EC murine rotavirus strains in either the intestine or systemically was entirely different from what was observed with the heterologous RRV (or to a lesser extent SA11) strain. It has been reported previously that IFN-␣/␤ or IFN-␥ has no effect on diarrheal disease in EC-infected suckling mice (2) . In this study diarrheal disease and the viral loads in the intestine and extraintestinal organs were virtually identical in EC-infected IFN-␣␥R KO and wild-type mice. In addition, systemic disease was not observed in EC-infected IFN-␣␥R KO mice despite the fact that systemic replication did take place. Interestingly, when the viral loads in the intestines and extraintestinal organs in EC-infected versus RRV-infected mice were compared, we found that RRV replicated more efficiently in extraintestinal organs, especially the liver, bile ducts, and pancreas, while EC replicated far more efficiently in the intestine. The viral genes responsible for these clear differences are currently being investigated.
Enhanced intestinal and systemic infection in interferon signaling-deficient mice was not restricted to RRV. Simian SA11, which has been shown to cause mild BA after i.p. administration in newborn mice, also induced mild systemic disease in IFN-␣␥R KO mice. As was seen with RRV, SA11 has a growth advantage in systemic organs of mice deficient in interferon signaling. Interestingly, SA11 was not detected in MLN or the pancreas in IFN-␣␥R KO mice, suggesting that SA11 is less well adapted to replicate systemically than RRV. Enhanced systemic replication in the absence of interferon is not, however, a universal characteristic of heterologous rotavirus infection of suckling mice. Neither NCDV nor OSU could be detected in the intestine or extraintestinal organs of wild-type or IFN-␣␥R KO mice between days 5 and 12 postinfection. Only a very low amount of NCDV was detected in intestines on day 2 p.i., and there was no difference between wild-type and IFN-␣␥R KO mice, indicating that NCDV and OSU have minimal abilities to replicate in the intestine or systemic organs of mice irrespective of the interferon system. We observed systemic disease in IFN-␣␥R KO mice infected with 100-fold less RRV, suggesting that the difference of NCDV, OSU, and RRV in inducing systemic infection is not determined primarily by inoculating dose. Thus, it appears that IFNs are required to control systemic infection of those strains of heterologous viruses that are able to replicate efficiently in intestine and extraintestinal organs, since depletion of both types I and II IFN significantly diminished the clearance of these viruses. For those heterologous rotaviruses that have minimal abilities to replicate in the mouse intestine, the IFN antiviral function may not be needed.
Different homologous rotaviruses also have somewhat variable responses to the absence of IFN signaling. The wild-type murine rotavirus EW, which has similar pathogenicity to EC virus in suckling mice, causes diarrheal disease with a very small infectious dose and spreads efficiently to noninoculated littermates (9) . The absence of IFN response did not alter the percentage or duration of diarrhea between wild-type and IFN-␣␥R KO mice after EW infection or the peak levels of intestinal virus on day 5 p.i. However, intestinal levels of EW were significantly higher in IFN-␣␥R KO mice between days 8 and 12 p.i., suggesting that the deficiency in the IFN response does enhance homologous EW replication to a modest degree, although much less than the effects on RRV (or SA11) replication. Taken together, the effects of interferon signaling on the replication of the two homologous murine rotavirus strains, EC and EW, were substantially less than the effects on the two simian heterologous viruses, RRV and SA11. Whether this is an inherent difference between homologous and heterologous rotavirus infection requires additional studies. Of note, enhanced intestinal replication of the EW strain was previously reported in adult but not in suckling STAT1 KO mice (55) . This apparent discrepancy could be due to the fact that fecal samples from multiple time points were pooled before testing in the previous study, which might have masked the differences in virus shedding between normal and STAT1 KO mice in the suckling period.
Several recent studies have revealed that rotavirus NSP1 can act as an E3 ubiquitin ligase that promotes degradation of IRF3 and IRF7 and inhibits the cellular type I IFN response in vitro (4, 5) after rotavirus infection. NSP1 has also been associated with the rotavirus host range restriction in vivo (9) . It seems possible, given our observations, that murine rotaviruses, such as EC and EW, have evolved highly effective mechanisms (perhaps mediated by NSP1) to counteract the IFN antiviral effects in the mouse host. If this were the case, further deletion of IFN signaling, as seen in the KO mice, would be expected to have little effect on EC replication. Homologous infection in the gut may be controlled by other host defense mechanisms, such as adaptive immunity, since EC infection in suckling SCIDs, Rag1, or Rag2 KO mice results in chronic fecal shedding but does not induce systemic disease such as hepatitis or pancreatitis (49) . In addition, it seems possible that RRV, and to a lesser degree SA11, has the ability, in the absence of interferon, to replicate efficiently in a subset of epithelial cells in the pancreas and biliary tree, which are not highly permissive for murine viruses. On the other hand, the heterologous rotaviruses, such as RRV or SA11, are less effective in suppressing the mouse IFN responses than the murine strains. If this were the case, removal of host IFN signaling would be expected to augment the systemic growth of these viruses. NSP1 from different virus strains has been recently shown to have different affinities for and efficiencies to degrade IRF3 in vitro (23) . We are currently investigating the genetic basis for the sensitivity of rotavirus to IFN deficiency and the difference between homologous virus NSP1 and heterologous virus NSP1 in inhibiting host IFN responses in the murine model.
